Introduction
============

Venoms have evolved many times in the animal kingdom, and they play important roles in predation, defense, competition, communication, and defense against harmful microorganisms ([@mst199-B21]; [@mst199-B24]; [@mst199-B15]; [@mst199-B12]). Venoms are generally distinguished from poisons as being mostly proteinaceous secretory products synthesized in specialized glands and by their active mode of delivery through wounds inflicted by specialized structures ([@mst199-B21]; [@mst199-B12]). The specific activities of a venom are largely determined by the specific mix of its peptide and protein components, which are individually referred to as toxins. The study of venom composition, which is greatly assisted by recent advances in transcriptomic and proteomic technologies ([@mst199-B12]), is therefore a critical first step toward understanding a venom's biological role and potential applied uses ([@mst199-B27]). The study of venom toxins has also proven valuable for generating insights into fundamental biological questions, such as the role of gene duplication in producing evolutionary novelties, the processes involved in generating large multigene families, and the molecular bases of ecological adaptations ([@mst199-B11]; [@mst199-B42]; [@mst199-B7]). However, general insights are only possible insofar as we understand taxon-specific aspects of venom biology and evolution. Hence, it is important to expand our understanding of the diversity of venoms beyond the best studied taxa (principally snakes, spiders, scorpions, and cone snails).

Arthropoda is a clade especially rich in venomous species. Three of the four main groups (Chelicerata, Hexapoda, and Myriapoda) together represent tens of thousands of venomous animals inhabiting a broad range of mostly terrestrial ecosystems. However, despite their unparalleled diversity of body plans ([@mst199-B32]), no unambiguous evidence exists that any crustacean is venomous.

Remipedes were described in 1981 ([@mst199-B49]) and are blind crustaceans that inhabit anchialine underwater cave systems ([@mst199-B29]; [@mst199-B46]). The older perspective that the remipedes have one of the most primitive crustacean body plans ([@mst199-B39]), with a long homonomously segmented trunk with similar biramous swimming limbs, has been challenged in recent studies, which instead suggest that remipedes are more derived crustaceans that are closely related to hexapods ([@mst199-B16]) within a clade Pancrustacea (crustaceans+hexapods) ([@mst199-B17]; [@mst199-B16]; [@mst199-B36]; [@mst199-B47]). Intriguingly, the first phylogenomic study that included data on remipedes ([@mst199-B47]), strongly supports the hypothesis that remipedes are the closest crustacean relatives of hexapods. It has been suspected, mainly based on morphology, that remipedes are venomous ([@mst199-B43], [@mst199-B44]), but in the absence of data on the composition of their putative venom, their status as venomous organisms is tentative.

We present in this study the first conclusive evidence that remipedes are in fact venomous crustaceans. Transcriptomic profiling of toxin gene expression shows that the remipede's venom glands express a unique mix of known venom toxins. We supplement these data by the most detailed 3D reconstruction of the functional morphology of the remipede venom delivery apparatus produced to date to show that the animals can inject venom in a controlled manner. Taking into account the recent insight ([@mst199-B10]) that studies of venom toxin evolution can be biased by restricting analyses to venom gland tissue, we used a whole animal transcriptome to identify nontoxin paralogs, which allowed us to reconstruct the probable evolutionary origin of a unique remipede neurotoxin.

Results and Discussion
======================

Remipedes Inject Their Venom via a Highly Developed Venom Delivery Apparatus
----------------------------------------------------------------------------

Remipedes have a superficially centipede-like habitus, with long homonomously segmented bodies, with most segments equipped with biramous swimming legs. The head, or cephalon, in contrast, features a robust pair of legs (maxillules) that in most species end in a sharp tip.

We used synchrotron radiation micro-computer tomography (SR-µCT) to prepare the first three-dimensional reconstruction of the venom delivery apparatus of the remipede *Speleonectes tulumensis*. Our results show a highly adapted venom delivery apparatus. The anterior trunk of *S. tulumensis* contains two equally sized venom glands, which connect via ducts to reservoirs located in the terminal segments of the maxillules ([fig. 1](#mst199-F1){ref-type="fig"}). Two large muscles (am and vm in [fig. 1](#mst199-F1){ref-type="fig"}*c* and *d*) closely oppose the anterior and posterior sides of the reservoir. They insert only at the mediodistal part of the subterminal segment of the maxillule, which indicates that they cannot function in limb movement, but that contraction of these muscles will expel venom from the reservoir. The stabbing motion of the maxillule, which remipedes employ on prey ([@mst199-B8]), results from the contraction of four adductor muscles located in the subterminal segment, which at the same time passively prevents backflow of the venom by compressing the duct. This muscle arrangement in *S. tulumensis* clearly represents an effective venom delivery system. These findings expand our knowledge of the functional morphology of remipede maxillules ([@mst199-B43]) by showing that limb movement and venom injection can be functionally separated. F[ig]{.smallcaps}. 1.Three-dimensional reconstructions of *Speleonectes tulumensis* (Crustacea: Remipedia) from high-resolution SR-µCT data. (*A*) Ventral and (*B*) lateral view showing the course of the venom delivery system (VDS), (purple) and its position inside the body. (*C*) Anterior and (*D*) posterior view focused on the maxillule and the muscle equipment related to the VDS. 4 seg, 4th segment; 5-7 seg, 5--7th segment; ab, abductors; ad, adductors; am, anterior apodemal muscle; br, brain; cep, cephalon; dc, ductus; gl, gland; mxu, maxillule; phx, pharynx; rv, reservoir; t, tentorium; vm, ventral apodemal muscle; vnc, ventral nerve cord. Images not to scale to each other, mouth parts and other structures are not shown.

Composition and Molecular Evolution of Remipede Venom
-----------------------------------------------------

Our next-generation sequencing-based transcriptomic analysis revealed that 1,052 unique contigs were expressed in the venom glands of *S. tulumensis*. Of these, 191 are secretory proteins and 108 can be assigned to known venom toxin classes ([supplementary figs. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), [S2*a*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), and [S2*b*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) online). For all the 191 proteins, InterProscan results were found, except for one (the lowly expressed isotig00521, see [supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) online). Only six contigs received no Blast-hits at all, although they did receive InterProscan data results. Interestingly, the remipede's neurotoxin sequences were among these (see [supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) online). This small number of unidentifiable transcripts is in striking contrast to what is found in other venomous arthropods, such as scorpions, centipedes, and parasitic wasps. In these taxa, more than a third to more than half of all venom gland transcripts are unique and unidentified ([@mst199-B45]; [@mst199-B34]; [@mst199-B31]).

The three most diverse and abundant types of toxins expressed by the venom glands are proteinases, chitinases, and a putative neurotoxin, which together comprise more than 90% of toxin transcript diversity and more than 95% of toxin sequence reads ([fig. 2](#mst199-F2){ref-type="fig"}). It should, of course, be noted that in the absence of functional data about proteins, our results can only designate sequences as putative toxins. This caveat should be kept in mind when interpreting our results. Given that remipedes are very difficult to collect and occur in small populations, it will be challenging to perform the proteomic work needed to confirm the presence and activities of the identified putative toxins in secreted remipede venom. F[ig]{.smallcaps}. 2.Transcriptomic profile of toxin genes expressed in the remipede venom glands. (*A*) Distribution of the diversity of contigs for each toxin type. (*B*) Distribution of the abundance of sequence reads per toxin type. Total numbers are given followed by percentages shown in brackets. The color code is given in the figure. See [supplementary figures S2*a*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) and [S2*b*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) online, for transcriptomic profiles of all secreted proteins expressed in both venom gland and complete animal libraries.

### Peptidase S1

The peptidase S1 (PS1) family of serine proteases is a large peptidase family, and its members have many different biological roles, ranging from digestion to immune responses. Proteins of this gene family have been independently recruited into the venoms of several taxa, including cephalopods, hymenopterans, reptiles, and mammals ([@mst199-B2]; [@mst199-B21]; [@mst199-B48]; [@mst199-B38]). In some of these, PS1s are both diverse and abundantly expressed, such as in the posterior venom glands of several species of cephalopods and the crural glands of male platypuses. Depending on the type, venom serine proteases have a variety of activities, such as the prevention of blood coagulation, and the causing of vasodilation, smooth muscle contraction, pain, and inflammation. PS1s represent the dominant component of the remipede's venom gland transcripts in terms of sheer diversity and coverage ([fig. 2](#mst199-F2){ref-type="fig"}). More than 66% of the venom gland toxin transcripts and more than 73% of venom gland toxin reads (in 37 isogroups) are PS1. Virtually all the venom gland PS1s contain the catalytic triad of His-Asp-Ser that is characteristic of this peptidase family (positions 69, 160, and 458; see [supplementary fig. S3*a*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) online, and alignment data), and 10 conserved cysteine residues. The whole animal library also shows the expression of a large diversity of PS1s. However, the majority of the venom gland PS1s are restricted to a single clade of remipede-specific PS1s ([supplementary fig. S3*b*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) online). Although comparable quantitative data derived from deep transcriptomic sequencing are not yet available for many taxa, the extraordinary diversity and level of expression of PS1 found in remipede venom glands are to our knowledge unique in the animal kingdom. Transcriptomic analyses of scorpion, spider, centipede, and hymenopteran venom glands show that serine peptidases as a whole account for only a small proportion of toxin transcripts ([@mst199-B45]; [@mst199-B34]; [@mst199-B1]; [@mst199-B31]).

Several of the remipede PS1 sequences contain short insertions within the region encompassed by the catalytic triad. Interestingly, insertions found in this region of kallikrein-type PS1s expressed in the salivary glands of the shrew *Blarina brevicauda* have been hypothesized to be associated with possibly enhancing enzymatic activity ([@mst199-B2]). A similar insertion reported from a kallikrein toxin expressed in the venom glands of the Gila monster (*Heloderma horridum*), however, was subsequently found to be a sequencing artifact ([@mst199-B22]). The high expression of the diverse remipede PS1s suggests that proteolytic activities play an important role in remipede envenomation, possibly aiding both prey immobilization and digestion. The latter role seems particularly relevant given that in one of the few field observations of remipede feeding they were observed to ingest the internal tissue of a prey crustacean, leaving behind a hollowed out cuticle ([@mst199-B40]).

### Chitinases

Chitinases are the second most diverse and abundant toxin type expressed in the venom glands of *S. tulumensis*, representing more than 16% of toxin contigs, and more than 22% of toxin reads. Chitinases are a widely distributed group of hydrolytic enzymes that catalyze the breakdown of chitin, and they have so far been found to be expressed in the venom glands of octopodiform cephalopods, sicariid and theraphosid spiders, parasitoid hymenopterans, the secretions of hematophagous soft ticks, and hydrozoan nematocysts ([@mst199-B13]; [@mst199-B19]; [@mst199-B21]; [@mst199-B45]; [@mst199-B3]; [@mst199-B38]) but never as such a major component as found in the remipede. By way of comparison, although chitinases are classified among "high abundance transcripts" in the venom of the sicariid spider *Loxosceles laeta* ([@mst199-B19]), they account for less than 3% of known or possible toxins found in its venom. Similarly, chitinases account for less than 5% of toxin expressed sequence tags expressed in the venom gland of the parasitoid wasp *Chelonus inanitus* ([@mst199-B45]). No chitinases are known to be expressed in the venom glands of centipedes and scorpions.

As can be seen in [supplementary figure S2*b*](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) online, the diversity of chitinase transcripts represents a substantially higher proportion of secreted and putative toxin genes in the venom gland library than in the complete animal library. Phylogenetic analysis reveals that the remipede chitinases are distributed across three putative clades. The chitinases expressed in the venom gland library are restricted to one remipede-specific clade (clade I in [fig. 3](#mst199-F3){ref-type="fig"}). The two other clades only contain sequences derived from the whole animal library. The conservation of all nine active sites (alignment positions 133--141 in [fig. 4](#mst199-F4){ref-type="fig"}) in remipede venom gland chitinases suggests that remipede venom has substantial chitinase activity. We speculate that this assists remipedes in softening and breaking down the chitinous exoskeletons of crustacean prey, especially the internal apodemes that provide anchors for their soft tissues. This hypothesis is consistent with available field observations, which suggest that crustaceans are probably an important component of the remipede diet ([@mst199-B8]; [@mst199-B29]; [@mst199-B44]). F[ig]{.smallcaps}. 3.Phylogenetic tree of the chitinase sequences. The tree is reconstructed with RAxML ([@mst199-B41]), -f a, PROTGAMMAWAG, 10,000 bootstraps. Nodes supported below 10% bootstrap values are represented by dashed lines. Chelicerates are colored in green, centipedes in brown, insects in blue, and crustaceans in red. Nonvenomous and nonhematophagous taxa are indicated by asterisks. Clade numbers are given in roman numerals. Venom gland transcripts and complete animal tissue transcripts are indicated by the abbreviations VgT and BVgT in parentheses following the sequence name, respectively. Remipede sequences are illustrated by miniaturized remipede pictures, and venom gland pictograms highlight remipede venom gland sequences. F[ig]{.smallcaps}. 4.Fraction of aligned domain region of chitinase sequences featuring the active sites. Excluded partitions of the alignment are indicated by brackets. The domain region is shaded in green and the active sites in red. For remaining description and color code see [figure 3](#mst199-F3){ref-type="fig"}. Venom gland transcripts and complete animal tissue transcripts are indicated by the abbreviations VgT and BVgT in parentheses following the sequence name, respectively.

### Remipede Venom Neurotoxin

The enzymatic activity of the peptidases and chitinases probably plays a significant role in prey liquefaction. However, they are unlikely to cause rapid immobilization of prey. This important role could be fulfilled by the fifth most highly expressed remipede venom gland toxin. This toxin is represented by two distinct contigs that have the conserved cysteine pattern characteristic of ß/∂ agatoxins with virtually identical spacing \[C-x(6)-C-x(6)-C-C-x(4)-C-x-C-x(6)-C-x-C\] ([fig. 5](#mst199-F5){ref-type="fig"}). ß/∂ agatoxins are a recently described type of spider venom neurotoxin ([@mst199-B6]), which causes presynaptic voltage-gated sodium channels to open at resting membrane potentials in insects. The resulting neurotransmitter release generates a stream of action potentials in motor neurons, resulting in irreversible spastic paralysis of the victim. Prediction of the presence of disulphide bonds suggests that the two remipede venom gland neurotoxin sequences are able to adopt two different types of folding, one with two disulphide bonds and one with four as in spider ß/∂ agatoxins ([fig. 5](#mst199-F5){ref-type="fig"}). F[ig]{.smallcaps}. 5.Alignment of the remipede neurotoxin. The color code is identical to that in [figure 3](#mst199-F3){ref-type="fig"}. Signal peptides are shaded in blue, propeptides in red, and the domain region in green. Disulphide bonds are pictured with black lines and the cysteine residue backbone by yellow squares. Red circles represent sequences of nonvenomous taxa that lack disulphide bonds as predicted using DBCP webserver ([@mst199-B30]). Yellow circles show nonvenomous taxa and remipede sequences that are predicted to have one to three less likely (\<65% of probability) disulphide bonds, and the dotted black lines indicate these less likely bonds. Venom gland transcripts and complete animal tissue transcripts are indicated by the abbreviations VgT and BVgT in parentheses following the sequence name, respectively.

The whole animal library also expresses a putative neurotoxin sequence that is virtually identical to one of the venom gland sequences. We suspect that this sequence derives from the venom gland tissue that was part of the whole animals from which this library was prepared. Interestingly, the complete animal library also yielded two different sequences with strong sequence similarities to ß/∂ agatoxins, conserving the same pattern and spacing of cysteine residues, and with the predicted ability to form disulphide bonds. These sequences, which are probably expressed in the nonvenom gland tissue that dominates the complete animal library, differ from those found expressed in the remipede venom glands by having distinct signal peptides and a larger putative propeptide region. Intriguingly, a Blast search yielded a number of pancrustacean (several hexapod species and the crustacean *Daphnia*) sequences with an identical cysteine pattern and spacing as the putative remipede neurotoxin sequences. These sequences are remarkably similar to the remipede sequences obtained from the complete animal library, with strong sequence similarities in the mature chain and with most possessing a similarly large putative propeptide ([fig. 5](#mst199-F5){ref-type="fig"}).

The results of our phylogenetic analysis ([fig. 6](#mst199-F6){ref-type="fig"} and [supplementary fig. S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) online) show an intriguing pattern. To our knowledge they show for the first time that spider agatoxins can be linked to homologs in nonspiders. The gene tree that includes sequences both from venomous and nonvenomous arthropods shows that the putative remipede venom gland neurotoxin is clearly separated on a long branch from its nonvenom gland paralog, which instead is part of a short-branch cluster comprising nonvenom-gland-derived sequences from other crustaceans and insects. This separation of the putative remipede venom gland neurotoxin from the remaining pancrustacean sequences is independent of two possible positions of the root of the tree. One rooting position is between the pancrustaceans and the centipede plus spiders, reflecting the consensus topology of higher level arthropod phylogeny ([@mst199-B23]; [@mst199-B47]), whereas the alternative, which we have chosen, is rooting the tree with one of the nonvenom gland pancrustacean sequences, such as that from *Tribolium*. In both cases, our results are consistent with the hypothesis that the remipede venom gland neurotoxin represents a paralog of that expressed in the nonvenom gland tissue (see also [supplementary fig. S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) online). This suggests that the origin of the remipede venom gland neurotoxin is associated with substantial changes in all regions of the primary sequence of the protein, with probable consequences for the level and location of gene expression as well as the folding and bioactivity of the mature toxin. F[ig]{.smallcaps}. 6.Phylogenetic tree of agatoxins and the remipede neurotoxin. The RAxML likelihood tree of the Agatoxin (RAxML-HPC PHTREADS-SSE3-7.2.6, 10.000 Bootstraps, -f a, PROTGAMMAIWAG, see Materials and Methods). Nonvenomous and nonhematophagous taxa are indicated by asterisks. For descriptions and color code see previous figures. Venom gland transcripts and complete animal tissue transcripts are indicated by the abbreviations VgT and BVgT in parentheses following the sequence name, respectively. Remipede sequences are illustrated by miniaturized remipede pictures, and venom gland pictograms highlight remipede venom gland sequences.

These insights underline the importance of comparing transcripts expressed in the venom glands of species with those expressed in their nonvenom gland tissue ([@mst199-B10]). To extend and confirm these insights in future work, it will be necessary to profile expression of agatoxin homologs in nonvenom gland tissue in spiders and centipedes, as well as expression of putative homologs in the venom glands of the venomous hymenopterans included in our tree.

Given that the neurotoxins expressed in both spider and centipede venom glands function as ion channel modulators ([@mst199-B6]; [@mst199-B31]), we speculate that the remipede venom gland neurotoxin has a similar activity, causing the immobilization of prey. The adaptive value of a paralyzing neurotoxin in the venom of a blind predator living in nutrient-poor underwater caves would be significant.

### Remaining Venom Toxins and Remipede Mode of Feeding

The remaining toxins expressed in the remipede venom glands ([fig. 2](#mst199-F2){ref-type="fig"}) include metalloproteases, venom serine carboxypeptidases, serine protease inhibitors (serpin and kunitz), and cysteine-rich secretory proteins related to venom allergen 5 (antigen 5), a major allergen in hymenopteran venom ([@mst199-B33]). These toxins may contribute a mixture of tissue damaging and ion channel activity modulating activities to the remipede venom. For further discussion of these toxins, we refer the reader to the [supplementary material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) online.

A laboratory study of remipede feeding suggested that they may feed predominantly on small particles filtered from the water column ([@mst199-B29]) and that remipedes are not obligatory carnivores. We cannot rule out that remipedes in the wild feed on small suspended particles, but the sophisticated functional morphology of their venom delivery system and the expression of a potent mix of tissue damaging enzymes and ion channel activity modulating neurotoxins are unmistakable predatory adaptations. Moreover, laboratory observations ([@mst199-B29]) show that remipedes can catch and overpower several types of crustacean prey. This combination of traits together with the presence of a very muscular esophagus ([@mst199-B40]; [@mst199-B18]) support the suggestion, supported by a field observation ([@mst199-B40]), that remipedes can feed in an arachnoid manner, sucking the prey's liquefying tissue out of its cuticle ([@mst199-B40]). Remipedes co-occur with a diversity of potential, mostly crustacean, prey, including ostracodes, decapods, amphipods, isopods, mysids, thermosbaenaceans, and copepods ([@mst199-B35]), and they have been observed carrying ostracodes and consuming caridean shrimp ([@mst199-B40]; [@mst199-B8]; [@mst199-B29]).

Previous Ideas about Remipede Venom Are Likely Erroneous
--------------------------------------------------------

Our results suggest that the only previously reported evidence on the make-up and effects of remipede venom are probably erroneous ([@mst199-B43], [@mst199-B44]). van der Ham and Felgenhauer proposed that remipede venom has phenoloxidase activity. They hypothesized that remipede venom glands express a large amount of hemocyanin and an unknown component that could convert the hemocyanin into subunits with phenoloxidase activity. We find no evidence of phenoloxidase expression in either the venom gland or complete animal library, and although the venom gland does express one hemocyanin transcript, it is expressed at an extremely low level (15 reads). In contrast, the complete animal library shows a diversity of hemocyanin transcripts, which is consistent with its role as a respiratory pigment in remipedes ([@mst199-B16]). We therefore suggest that the phenoloxidase activity observed by van der Ham and Felgenhauer probably represents hemolymph contamination of their venom gland homogenates.

Conclusions
===========

Our results constitute the first conclusive evidence that remipedes are venomous crustaceans. The 3D reconstruction of the venom apparatus of *S. tulumensis* reveals an effective venom delivery system that is able to separate limb movement and venom injection by the maxillules. Our study also shows the great value of transcriptomic profiling to identify putatively venomous organisms and to generate data on venom composition. The transcriptomic profile of the venom glands of *S. tulumensis* shows that the injected cocktail of toxins is dominated by enzymes and that it includes a probable paralytic neurotoxin.

This study adds a new major animal group to the roster of known venomous animals and provides the first data on venom composition in a primitively aquatic arthropod lineage. The results indicate that remipede venom is strikingly different from that of other arthropophagous arthropods such as spiders, centipedes, and scorpions. The venoms of these three groups are generally much richer in neurotoxic peptides with much smaller masses than the large enzymes that dominate the remipede venom ([@mst199-B31]; [@mst199-B28]). In terms of the dominance of enzymes, especially proteinases, remipede venom is actually more reminiscent of the venom of viperid snakes (e.g., [@mst199-B9]; [@mst199-B37]).

Our phylogenetic analyses underline the importance of including nonvenom-gland-derived sequences from venomous taxa and sequences from nonvenomous taxa for reconstructing the evolutionary origins and dynamics of venom toxins ([@mst199-B10]). Without including data derived from a whole animal transcriptomic library, it would have been impossible to infer the full diversity and relationships of nontoxin paralogs expressed in nonvenom gland tissue, or to infer the likely evolutionary origin of the neurotoxin expressed in the remipede venom glands.

This contribution to increasing our knowledge of the toxin composition of independently evolved venoms is crucial for achieving venomics' ultimate goal of disentangling the phylogenetic, ecological, and other factors that shape the biology and evolution of animal venoms. Additionally, our results are of general importance for future studies of arthropod venom evolution. Remipedes are the earliest branching lineage of venomous pancrustaceans, and as the possible sister group to Hexapoda, they represent the nearest venomous outgroup to the great diversity of venomous insects.

Materials and Methods
=====================

Species Collection and Preservation
-----------------------------------

Specimens of *S. tulumensis* were collected in several cave diving expeditions to the Yucatan, Mexico. The maxillular glands of 30 specimens were dissected under sterile conditions in RNAlater ([supplementary figs. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) and [S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) online) and used to generate the venom gland tissue-specific transcripts (VgT) on a 454 Titanium platform (Roche). Specimens of different sizes were included in the VgT transcriptome library, which therefore represents different stages and conditions of venom glands. To recover potential nontoxin paralog sequences in nonvenom gland tissue, we analyzed a previously sequenced transcriptome of samples mainly comprising nonvenom gland body tissue (BVgT). BVgT was generated by sequencing a normalized cDNA library on the 454 Titanium platform (Roche), generated from 10 complete specimens that were ground in RNAlater.

Library Reconstruction
----------------------

Total RNA of dissected venom gland tissue only (VgT) was extracted with the Trizol-GTI-LiCl method and cDNA synthesis, and amplification was conducted with the Mint kit (Evrogen) at LGC Genomics, Berlin, Germany. After cDNA digestion, fragments were size selected on an low melting point (LMP) agarose gel. To prevent exclusion of shorter toxin sequences, the size of selected fragments was lowered to 200 bp. Purified fragments (MinElute Gel extraction kit, Qiagen) were ligated to a pDNR-lib vector (Clontech) using the Fast Ligation Kit (NEB). Half of roughly 2 million plated clones were used for plasmid DNA preparation following standard methods (Qiagen). cDNA inserts were LMP agarose gel purified (MinElute gel extraction kit) and ligated to high-molecular weight DNA using a proprietary Sfi-linker. Library generation was carried out according to the manufacturer's standard protocols (Roche 454 Life Sciences, Branford, CT), shearing concatenated inserts randomly by nebulization. Sheared fragments were finally added to the fragment ends by ligation. The resulting fragment library was sequenced on 1/4 picotiterplate on the GS FLX using the Roche 454 Titanium chemistry obtaining a total of 260,172 sequence reads.

For the whole animal library, total RNA was extracted from 10 complete specimens, including venom glands (BVgT), with the absolutely RNA kit (Stratagene) and its corresponding cDNA synthesized with the Mint kit (Evrogen) at the Max Planck Institute for Molecular Genetics (MPIMG), Berlin, Germany. A complete 454 FLX Titanium run (Roche) was performed yielding 1,000,000 reads. For further details of sequence processing, see [@mst199-B47].

Sequence Assembly
-----------------

Before assembly, the VgT sequence reads were screened for the Sfi-linker that was used for concatenation, the linker sequences were clipped out of the reads, and the clipped reads assembled into individual transcripts using the Roche 454 Newbler software at default settings (454 Life Sciences Corporation, Software Release: 2.3), vector sequences were identified and removed using VecScreen. The BVgT reads were assembled as described in [@mst199-B47].

Annotation and Identification of Venom Protein Sequences
--------------------------------------------------------

To identify venom candidate proteins, we developed a customized bioinformatic pipeline (see [supplementary fig. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) online). First, the transcriptome sequences were translated in amino acids for all six reading frames. This is needed to cover possible protein variants on different strands or in different reading frames. The six-frame translated protein sequences were formatted into a local Blast database to search for different known proteins. Venom proteins are known to be usually represented by secreted proteins, so we blasted all secreted proteins from UniProt (location_sl_0243) against our translated cDNA databases. The results of the Blast search were then parsed into a hit-sequence file, including all sequences with Blast hits for secretory proteins, which was used in all further analyses to identify putative venom proteins. A functional annotation and identification of active sites and conserved motives was conducted by feeding the hit-sequence file into Blast2GO ([@mst199-B14]). This software allowed a final, automated InterProscan for active sites and motifs ([@mst199-B25]), which we used in addition to standard Blast procedures to predict putative venom proteins. General sequence annotation was performed with Blasthits (nr), InterProscan and Gene Ontology term annotation from Blast2GO (see [supplementary tables S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) and [S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) online).

Phylogenetic Reconstruction of Venom Protein Trees
--------------------------------------------------

Sequences were aligned using Mafft E-INS-I27 relying, where available, on Uniprot reviewed manually curated venom protein structure constraints ([@mst199-B26]). Generally, sequences in which stop codons interrupted the open reading frames (potentially representing sequencing artifacts or pseudogenes) were removed from the final alignments. Unless noted otherwise, most of these alignments excluded the prepro regions coding for the signal peptide and propeptides that are posttranslationally removed from the mature (domain region) protein. The prepro regions were mostly too diverse for unambiguous alignment. After chosing the best fitting model with ProtTest 328, a maximum likelihood analysis was conducted with RAxML-HPC PTHREADS-SSE3-7.2.6 ([@mst199-B41]) for each of the protein alignments using the best fitting protein model to reconstruct phylogenetic trees (see figure legends of reconstructed trees for the chosen model for each protein). Bootstrap support was estimated from 10,000 pseudoreplicates. Unless mentioned otherwise in the figure legends, all trees were rooted with a nonvenom transcript variant from a nonvenomous vertebrate.

Additional sequences from venomous and nonvenomous taxa were predominantly obtained from UniProt to maximize the number of annotated sequences in our analyses. Where possible nonvenomous arthropod species from the four major groups were included.

Three-Dimensional Reconstruction of SR-µCT Data
-----------------------------------------------

Two samples preserved in Bouin were transferred to 70% ethanol and subsequently critical point dried (Model E4850, BioRad, Hercules, CA) to reduce fluid induced artifacts during the scanning process. Subsequently samples were superglued on specimen holders for SR-µCT ([@mst199-B5]). SRµ-CT has a high penetrating power and allows visualizing large specimens without the need for sectioning. Scanning was conducted at the German electron synchrotron accelerator (DESY, Hamburg, Germany; the tomography station BW2/DORIS III operated by Helmholtz-Zentrum Geesthacht HZG, Geesthacht, Germany), which is optimized for performing high-density resolution microtomography ([@mst199-B4]). The facility provides floating point data as well as 16 bit TIFF image files and volume data files (.vgi-format) ready for analysis. The provided volume data (.vgi-files) was analyzed with the free myVGL 2.0 64 bit viewer (Volume Graphics, Heidelberg, Germany). Segmentation and rendering of single structures was accomplished with Reconstruct ([@mst199-B20]) and Blender (<http://www.blender.org>, last accessed November 4, 2013). Final figures were edited with GIMP, Inkscape, and Scribus (all GPL).

Supplementary Material
======================

[Supplementary material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) [figures S1--S9](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) and [tables S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) and [S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst199/-/DC1) are available at *Molecular Biology and Evolution* online (<http://www.mbe.oxfordjournals.org>).
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[^1]: **Associate editor:** Todd Oakley

[^2]: Sequence data and transcriptome sequence assembly have been deposited at GenBank (accession no. GAJM00000000, BioProject PRJNA203251). All alignments used for tree reconstructions of putative venom proteins are available at: <http://www.reumont.net/vReumont_etal2013_MBE_FirstVenomousCrustacean_TreeAlignments.zip>.
